Recombinant adeno-associated virus type 2 (AAV) is a common vector used in human gene therapy protocols. We characterized the humoral immune response to AAV and observed that 80% of normal human subjects have anti-AAV antibodies and that 18% have neutralizing antibodies. To analyze the effect of neutralizing antibodies on AAV readministration, we attempted to deliver recombinant AAV expressing human factor IX (AAVhFIX) intraportally into the livers of mice which had been preexposed to AAV and shown to harbor a neutralizing antibody response. While all naive control mice expressed hFIX following administration of AAV-hFIX, none of the mice with preexisting immunity expressed hFIX, even after transient immunosuppression at the time of the second administration with anti-CD4 or anti-CD40L antibodies. This suggests that preexisting immunity to AAV, as measured by a neutralizing antibody response, may limit AAV-mediated gene delivery. Using human sera in an enzyme-linked immunosorbent assay for AAV and a capsid peptide scan library to block antibody binding, we mapped seven regions of the AAV capsid containing immunogenic epitopes. Using pools of these peptides to inhibit the binding of neutralizing antibodies, we have identified a subset of six peptides which potentially reconstitute a single neutralizing epitope. This information may allow the design of reverse genetic approaches to circumvent the preexisting immunity that can be encountered in some individuals.
Recombinant adeno-associated virus type 2 (AAV) vectors represent a promising gene delivery system because of their nonpathogenicity, ability to stably transduce both dividing and nondividing cells including cells from lung (5) , liver (21, 22 ), brain (13) , and muscle (8, 9, 23) , and genome-integrating capability which results in long-term protein expression (16, 22) . AAV-mediated gene delivery can be potentially obstructed by a host's immune response to its component proteins. In the case of recombinant AAV vectors, the primary target of the immune response is the capsid of the vector particle since these vectors do not encode any viral proteins. Several groups have shown that the failure of AAV readministration to generate further transduction events correlated with the presence of virus-neutralizing antibodies generated in response to a previous exposure to the virus. Manning et al. demonstrated that transient depletion of helper T cells during the initial exposure to AAV with anti-CD4 antibodies allowed successful readministration of AAV vectors to skeletal muscle (14) . Similarly, immunosuppression during the initial exposure with anti-CD40L antibodies (which block T-cell activation of B cells) or CTLA4Ig (which inhibits T-cell activation by interfering with CD28-B7 interactions) facilitated transgene expression in mouse lung (6) and also allowed readministration of adenovirus to the mouse liver (10) .
The liver is a potential target for gene therapy including treatment for hemophilia (21, 22) . Since this treatment will likely require delivery to individuals with established preexisting immunity to AAV (1) or repeat vector delivery, and because conclusions regarding vector delivery cannot be extrapolated from tissue to tissue, we examined the effect of preexisting immunity on the delivery of AAV to the liver. In addition, we transiently immunosuppressed the mice concomitantly with readministration of the "therapeutic" AAV, a protocol which closely reflects the reality of a clinical situation in which patients already have immunity, rather than during the primary exposure as reported by others.
To delineate further the specificity of the AAV neutralizing antibody response in humans, we used serum samples and a capsid peptide scan (pepscan) in blocking enzyme-linked immunosorbent assays (ELISAs) to map linear antibody epitopes on AAV. Using pools of immunogenic peptides identified in the linear scan, we then identified six peptides that block the effect of neutralizing sera and a neutralizing mouse monoclonal antibody. This information may allow genetic manipulation to circumvent the host immune response for successful AAV vector delivery to patients with preexisting immunity. The immunogenic epitopes described here also corroborate previous genetic and structural data and identify exposed capsid regions potentially involved in the binding of AAV to cellular receptors.
MATERIALS AND METHODS
Construction and production of AAV vectors. AAV vectors expressing green fluorescent protein (GFP) (11), ␤-galactosidase (LacZ) (15) , and human factor IX (hFIX) were constructed and generated as described previously (22) . Titers were determined by dot blot analysis.
Assessment of AAV readministration in mice. Eight-week-old C57BL/6 were purchased from Taconic (Germantown, N.Y.). Mice were immunized with 5 ϫ 10 10 particles of AAV-LacZ intravenously and monitored weekly for neutralizing antibodies, using serum obtained by retro-orbital bleeding. Readministration of AAV-hFIX (5 ϫ 10 10 particles) was done intraportally in a volume of 100 l that was infused over 30 s (22) . Serum was collected retro-orbitally every 2 weeks and analyzed for hFIX expression as described below.
For transient immunosuppression by anti-CD4 antibody, mice were injected with 100 g of rat anti-mouse CD4 (clone GK1.5; Pharmingen, San Diego, Calif.) by intraperitoneal injection at days Ϫ3, 0, and ϩ3 relative to the second injection of AAV. For anti-CD40L treatment, mice received 100 g of antibody (clone MR1; Pharmingen) by intraperitoneal injection at days Ϫ3, 0, ϩ3, and ϩ6 relative to the secondary injection.
Detection of serum hFIX by ELISA. Microtiter plates were coated (100 l/ well) with a solution containing monoclonal anti-hFIX (2 mg/ml; Boehringer Mannheim, Indianapolis, Ind.) diluted in 89 mM boric acid-90 mM NaCl (pH 8.3) (BBS). Plates were incubated overnight at 4°C and then washed five times with BBS containing 0.025% (vol/vol) Tween 20 (BBST). Plates were blocked for 2 h at room temperature with 1% (wt/vol) nonfat milk (100 l/well) in BBS (BBM) and washed twice with BBST. hFIX standard was diluted in BBS containing 20% of mice serum in order to maintain the same conditions for test serum and standards. hFIX and test samples diluted in BBM (1:5) were used at serial concentrations of 50 l/well. After incubation for 2 h at room temperature, plates were washed five times, 50 l of a 1:100 dilution of horseradish peroxidase-conjugated goat anti-hFIX antibody (Affinity Biologicals Inc.) was added, and the mixture was incubated for 1.5 h at room temperature. Plates were then washed five times with BBST and twice with BBS. Color was developed for 25 min at room temperature with 50 l of a buffer containing p-nitrophenyl phosphate in 34 mM citric acid-67 mM dibasic sodium phosphate-0.1% (vol/vol) hydrogen peroxide (pH 5.0; 1 mg/ml). Color development was stopped with 2 M sulfuric acid (50 l/well), and the optical density was measured at 490 nm.
Detection of anti-AAV antibodies by ELISA. Ninety-six-well MaxiSorp flat surface Nunc-Immuno plates were coated with 5 ϫ 10 7 particles of AAV in 100 l of 0.1 M carbonate (pH 9.6) per well, incubated overnight at 4°C, and washed twice with washing buffer from an AMPAK amplification kit (DAKO, Carpenteria, Calif.). After blocking with 3% bovine serum albumin (BSA) in washing buffer for 2 h at room temperature, the plates were washed once and incubated for 1 h at room temperature with donor serum at 1:100 dilution in washing buffer-1% BSA in a total volume 100 l/well. Next the plates were washed five times, and alkaline phosphatase-conjugated mouse anti-human antibodies (Zymed, San Francisco, Calif.) were added at 1:800 dilution in washing buffer-1% BSA (100 l/well). The plates were incubated for 1 h at room temperature and washed with washing buffer four times. For color development and further amplification of the signal, an AMPAK amplification kit was used. Absorbance was measured at 490 nm.
Detection of neutralizing anti-AAV antibodies. 293 cells were seeded in a 24-well plate at a density of 10 5 cells/well in 1 ml of Iscove's modified Dulbecco medium media (JRH). The cells were allowed to adhere for 2 h at 37°C. The medium was then removed by aspiration before 6 ϫ 10 6 particles of adenovirus dl309 (4) were added in a final volume of 200 l per well. The cells were further incubated at 37°C for 1 h and then washed twice in the same medium before the following mix was added. AAV-GFP (1 l ϭ 5 ϫ 10 8 total particles or 9 ϫ 10 6 transducing units) was incubated with serum sample diluted in phosphate-buffered saline (PBS) for 2 h at 4°C in a total volume of 25 l. The final dilution of the test serum was 1:100 or 1:1,000. This mix was added to the washed cells in a final volume of 200 l and incubated for 1 h at 37°C; 400 l of medium was then added to each well, and cells were incubated overnight. Cells were collected, washed in PBS-BSA (1%), and analyzed by fluorescence-activated cell sorting. Percent inhibition was calculated with a no-antibody control sample as a reference. Another control was anti-AAV guinea pig sera that showed maximal inhibition. Epitope mapping of anti-AAV antibodies. A set of 91 overlapping peptides (15-mers) spanning the entire 735-amino-acid AAV-VP1 capsid protein sequence (GenBank accession no. AF043303) were synthesized by using the pin synthesis strategy (Chiron Mimotopes, Clayton, Australia). These peptide sequences overlap by five amino acids, thus generating all possible 10-mers of VP1. Two control peptides were also synthesized to verify purity and assess yield. Peptides were resuspended in PBS at a concentration of 5 mg/ml and stored at Ϫ20°C.
ELISA was performed in the presence of 1 l (corresponding to a final concentration of approximately 20 M) of individual peptides or 10 l of peptide pools which were present at the antibody incubation stage. Similarly, 1 l of each peptide was added to the 25 l antibody-AAV-GFP mix in the neutralizing assay to assess the ability to block the binding of neutralizing antibodies to AAV-GFP.
RESULTS

Frequency of neutralizing antibodies in humans.
We obtained 50 human serum samples (from the Stanford University Hospital, Palo Alto, Calif.) to characterize the presence and specificity of anti-AAV antibodies in the normal population. ELISAs using these sera to probe AAV particles showed that 40 of 50 samples (80%) were positive for anti-AAV antibodies (Fig. 1A) . In AAV neutralization assays, 18% of the Stanford samples were positive for the presence of neutralizing antibodies (Fig. 1B) . In a population of Sardinians, we found that neutralizing antibodies were present at a frequency of 52% (data not shown), similar to a previously reported rate (1). Recently Xiao et al. reported a frequency of 27% in 77 individuals tested (30) . This points to a significant population-topopulation variability in the anti-AAV immune response.
Effect of a preexisting anti-AAV immune response on administration of AAV vectors. To assess the effect of neutralizing antibodies on readministration of AAV vectors, we immunized 20 C57BL/6 mice intravenously with an AAV vector expressing the Escherichia coli lacZ transgene. Neutralizing antibodies that developed with the kinetics of a normal immune response over the course of 2 weeks were detected in all mice. There was minor variation in the titer, but at 42 days postexposure each mouse elicited neutralizing antibodies at levels comparable to those found in human sera ( Fig. 2A) . A secondary therapeutic dose of AAV-hFIX vector (5 ϫ 10 10 viral particles) was delivered by an intraportal route to all 20 preexposed mice and 5 naive mice. Five of these preexposed mice were also treated with anti-CD40L antibodies and five mice were treated with anti-CD4 antibodies at the time of the second administration. The conditions for immunosuppression were identical to those previously shown to block B-cell responses successfully (14) .
The five naive mice that received AAV-hFIX all expressed hFIX for the entire 62-day period of evaluation, while none of the mice with neutralizing immunity, including those that were transiently immunosuppressed, expressed hFIX over the same period (Fig. 2B) . Since AAV-mediated transgene expression is typically observed 2 to 3 weeks after vector introduction (16) , it is unlikely that the neutralizing immunity simply causes a further lag in gene expression. Thus, a preexisting neutralizing response clearly prevents the readministration of AAV vectors to the liver, and this inhibition of gene transfer cannot be overcome by transient immunosuppression.
Mapping of anti-AAV antibody epitopes. We attempted to further characterize the specificity of neutralizing antibodies by identifying their cognate epitopes. We used the positive human serum samples in an ELISA with a capsid pepscan library. Antibodies can bind to epitopes composed of amino acid residues from separated portions of the linear amino acid sequence that are spatially juxtaposed in a folded protein (conformational epitopes) or to adjacent residues on the amino acid sequence of a protein (linear epitopes). Peptides that could block antibody binding in an ELISA identify linear antibody epitopes. The AAV capsid is composed of three related proteins, VP1, VP2, and VP3 (in order of decreasing size), present at a ratio of 1:1:10, respectively, and derived from a single gene by alternative splicing and alternative start codon usage (19) . Since VP2 and VP3 are subfragments of VP1, we generated a 91-peptide pepscan of AAV capsid protein VP1, composed of 15-mers overlapping by 5 amino acids and thus containing all possible 10-mers of the 735-amino-acid sequence. We initially used nine pools of 10 to 11 peptides to screen 14 positive human serum samples for blocking of antibody binding in an ELISA. Since most pools showed some blocking activity, we then used individual peptides. A representative analysis is shown in Fig. 3A . Seven regions of immunogenic sequence were clearly identified with the majority of serum samples (Fig.  4 and 5) . Some peptides were able to block antibody binding of all serum samples (e.g., peptides 4 and 5), some could do so in the majority of sera (e.g., peptides 16, 17, and 61), and some could do so in only a few serum samples (e.g., peptide 33). Several tandem peptide pairs or triplets blocked binding presumably due to a shared, overlapping epitope sequence. We did not identify a unique linear epitope profile that correlated to the presence of neutralizing antibodies in the sera, suggesting the presence of multiple neutralizing antibodies or that anti-AAV neutralizing antibodies recognize a conformational epitope. This conformation epitope cannot be identified in a linear scan but can be potentially reconstituted by using a mixture of linear epitopes which potentially represent the separated portions of amino acid sequence that are juxtaposed in a folded capsid. We therefore used pools of linear epitopes to block the neutralizing activity of positive human serum.
Identification of neutralizing antibody epitopes. A pool of 14 peptides (peptides 4, 5, 16, 17, 33, 61, 62, 41, 43, 44, 45, 53, 58, and 90) that blocked antibody binding in the ELISA was initially used to block activity of neutralizing sera. This pool inhibited the neutralizing effect of seven different neutralizing positive sera (Ser3, Ser6, Ser7, Ser13, Ser23, Ser24, and Ser31) to the same extent (Fig. 3B) . Interestingly, the peptides alone (without serum) were able to reduce AAV uptake, suggesting that this series of peptides contain mimetic sequences involved in the binding of AAV to its cognate receptor. Since neutralizing antibodies generally work by blocking the binding of virus to cell surface receptors, this supports the identification of these peptides as neutralizing epitope sequences. This pool was then divided into two pools of seven peptides. Pool 1 contained peptides 4, 5, 16, 17, 33, 61, and 62, and pool 2 contained peptides 41, 43, 44, 45, 53, 58, and 90, thus maintaining juxtaposed peptides that likely contain a single epitope within the same pool. As shown in Fig. 3C , pool 1 had no effect on neutralizing activity (of Ser24), whereas pool 2 partially reversed the neutralizing effect. A control negative pool of seven peptides (peptides 7, 8, 9, 10, 11, 12, and 85) showed no inhibition. Removal of peptide 90 from pool 2 had no effect on this inhibition, implying that the core neutralizing pool of peptides is composed of peptides 41, 43, 44, 45, 53, and 58. This same pattern was observed with five serum samples (Ser3, Ser6, Ser7, Ser23, and Ser24) and also with a neutralizing anti-AAV mouse monoclonal antibody, A20 (28, 29) . The blocking of a monoclonal antibody suggests that the six peptide sequences identified here reconstitute a single conformation epitope. As shown in Fig. 5 , an overlap analysis and the expendability of peptide 42 points to sequences KEVT and TSTV as key residues within this conformational epitope. 
DISCUSSION
AAV-reactive antibodies are present in a large portion of our population, and a significant percentage of individuals have neutralizing antibodies against AAV. Our work shows that this neutralizing response is sufficient to prevent AAVmediated gene delivery to the liver and that this immune barrier cannot be overcome by transient immunosuppression. Anti-CD4 and anti-CD40L antibodies have been shown to inhibit T-cell activation and B-cell activation through T-cell helper function, respectively. Therefore, these treatments would be expected to inhibit the initiation and expansion of a primary immune response and facilitate viral delivery of transgenes as previously reported (6, 10, 14) . These reagents should be less effective during a secondary immune response in which a high level of neutralizing antibodies already exists, as is the case in humans and the experimental mice described here. In addition, these reagents do not specifically target viral immunity but lead to a potentially deleterious general immunosuppression. A more effective and specific strategy would be to prevent antibody binding to the viral particle. This can be achieved by using the epitope sequence information reported here.
The immunogenic epitopes identified here would be expected to be on exposed surfaces of the AAV capsid since neutralizing antibodies generally bind to the virus surface to prevent virus binding to cellular receptors and viral uptake into the cell. The alignment of canine parvovirus (CPV) VP2 with the AAV sequence (beginning at amino acid 176) and superimposition on the CPV structure (3) allows the structural location of the antigenic sites identified in this study to be extrapolated (Fig. 6A) . As summarized in Fig. 5 and 6 , several of the B-cell epitopes identified correspond to exposed regions of AAV. The three-dimensional atomic structure of CPV has been determined (26) . The virus is a Tϭ1 icosahedral structure (depicted in Fig. 6B ) composed of 60 subunits of VP1, VP2, and VP3 and is characterized by several exposed structural regions that are referred to with previously reported nomenclature (3, 26) . A cylinder structure protrudes from each fivefold axis and is encircled by a canyon. Each threefold axis also has a protruding spike formed by four loops, and each twofold axis contains a depression termed a dimple. Epitope 33 lies in the canyon, and epitope 41-45 is located on the cylinder structure. Epitopes 58 and 61-62 are found on the spike region, and epitope 90 is located at the twofold dimple. In addition, neutralizing epitope 58 has been shown to bind monoclonal antibodies (12, 27) and rabbit sera (12) . Furthermore, this region contains critical residues that have been shown to determine the tropism of CPV (2, 17) , and different AAV subtypes (20) .
AAV mutants that produce 0.01 to 1% of the normal virus yield have been described (7) . These low-infectious-particleyield (lip) mutants were generated by random insertion of 8-or 9-bp sequences, which results in an in-frame addition of four amino acids. Two of the three lip mutations map to and disrupt epitopes identified here, suggesting that these regions form surface-exposed domains that are critical for virus binding and uptake. Furthermore, one of several regions of basic amino acid motifs that have been identified and proposed to interact with the glucosaminoglycan component of the heparan sulfate proteoglycan receptor (25) of AAV forms part of epitope [16] [17] (Fig. 6A) . Our results lend support to the lip mapping data and the proposed receptor binding motifs, and they point to the importance of these identified regions for AAV infection.
The epitopes identified in this study reveal exposed capsid structures that assimilate previous genetic and structural analyses, shed light on AAV structure, suggesting a high structural conservation between AAV and CPV, and suggest contact points of AAV with its recently identified receptors (18, 24, 25) . Furthermore, they provide a starting point for genetic modification of the capsid to circumvent the humoral response and to improve the design of future AAV vectors.
